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The Secretory Protein Sec8 Is Required for Paraxial
Mesoderm Formation in the Mouse
Glenn A. Friedrich,1 Jeffrey D. Hildebrand, and Philippe Soriano2
Division of Basic Sciences, Fred Hutchinson Cancer Research Center,
Seattle, Washington 98104
The sec8 gene, isolated in a gene trap screen in embryonic stem cells, is required for paraxial mesoderm formation in the
mouse. Homozygous sec8 mutant embryos initiate gastrulation but are unable to progress beyond the primitive streak
stage and die shortly afterward. The genomic locus and cDNA of the sec8 gene have been cloned. An open reading frame
in the cDNA encodes a 971-amino-acid leucine-rich protein, similar to rat rSec8. A description of the mutant phenotype
and the cloning of the gene is presented here and the results are considered in light of the possibility that the Sec8 protein
is involved in secretion. q 1997 Academic Press
INTRODUCTION gene products involved in the production of the signal on
one end and receipt of the signal on the other. This simple
analysis doesn't even take into consideration other genesGastrulation is the process whereby all de®nitive germ
responsible for speci®city, including where the signal islayers are formed and the axial organization of the embryo
made and which cells are capable of responding. Nonethe-is established. In mouse embryos, gastrulation begins at
less, the machinery controlling induction in mouse em-about embryonic day 6.5 (E6.5). The pregastrula egg cylinder
bryos must require a secretory pathway and all its associ-has two embryonic tissues: the inner ectoderm (or epiblast)
ated components.and the encompassing endoderm. At the onset of gastrula-
To understand how the morphological changes and tissuetion, ectodermal cells delaminate through the primitive
patterning underlying gastrulation in mammals is controlled,streak at the posteriormost point of the embryo to form a
we have endeavored to ®nd new genes necessary for gastrula-layer of mesoderm between the epiblast and the visceral
tion in the mouse. In a set of 37 gene trap mutant mouseendoderm. As gastrulation proceeds, mesodermal cells con-
strains, we found 16 embryonic lethal mutations of which sixtinue to expand proximally into the extraembryonic region
alleles affected development before E9.5 and after implanta-and laterally around the circumference of the egg cylinder.
tion (Friedrich and Soriano, 1991; and unpublished data). HereThe most prominent and well-studied aspect of gastrula-
we present a description of one of these strains, SAbgeo4 ortion is the induction of mesoderm (Kessler and Melton,
spock, for which homozygosity prevents mesoderm formation1994). Mesodermal induction involves the secretion of fac-
and arrests development at E6.5. The gene disrupted in spocktors which are required by the receiving cells and interpre-
animals is sec8Ðthe mouse counterpart of rat rsec8Ðwhichted as a developmental switch. Much progress has been
is related to the yeast gene encoding the secretory proteinmade by studying mouse and Xenopus embryos, where sev-
Sec8p (Bowser et al., 1992). The phenotype of embryos de®-eral secreted polypeptides have been found to participate in
cient for a component of a secretory signaling pathway raisesthe speci®cation and patterning of the germ layers, includ-
the possibility that Sec8 may be involved in transporting someing members of the FGF, PDGF, Wnt, and TGF families of
of the known factors required for mesoderm induction andgrowth factors (Jessell and Melton, 1992; Kessler and Mel-
subsequent elaboration of the body plan.ton, 1994; Sive, 1993). For a soluble factor to diffuse between
cells and convey an inducing signal, there must be many
MATERIAL AND METHODS
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nated Tg(Osec8)Sor according to the rules of the Mouse Nomenclature Robertson). The 11 clones fell into two categories based on the
intensity of the hybridization signal when probed with the SA4-4Committee.
fragment. Two clones (lSpo5 and lSpo8) gave signals that were
about 10-fold more intense than those of the remaining clones.
These two turned out to be identical by restriction and sequenceCloning the Genomic Locus
analysis and only lSpo5 was used for subsequent analysis.
Genomic DNA isolated from the spleen of an adult sec8 hetero- The cDNA insert in lSpo5 was cloned into a plasmid vector by
zygote was digested partially with MboI. Fragments of 15±24 kb phagemid rescue (pSpo5) and sequenced (Fig. 2). There was no poten-
were size-fractionated using agarose gel electrophoresis and ligated tial initiator codon near the 5* end of the cDNA, and a Northern
into the BamHI site of lDASH II (Stratagene), and the resulting blot of ES cell RNA indicated that the wild-type sec8 message would
phage genomes were packaged in vitro using Gigapack II extracts be approximately 3.5±4.5 kb (not shown). Another library was
(Stratagene). One million plaques were screened for hybridization screened to obtain sequences extending farther in that direction.
to a probe speci®c for neo sequences. Mouse genomic inserts were The second library used was constructed using poly(A)/ RNA
removed from three clones and cloned into the NotI site of pBlue- from AB1 cells from which cDNA synthesis was primed using
script KS(0) (Stratagene). The fragments lG4.1 and lG4.2 extend 9 random hexamers (Chen et al., 1994b). A probe from the 5* end of
and 14 kb, respectively, 3* of the pSAbgeo insertion (the orientation pSpo5 (an 830-bp fragment from the XhoI to KpnI sites) was used
is determined by the direction of bgeo transcription), and the frag- to screen the library, and 40 positive clones were isolated. The
ment lG4.4 encompasses the entire gene trap vector and extends cDNA fragments from the ®rst 6 phage isolated (lSpo16±21) were
5.8 kb 5* and 6.3 kb 3* of the insertion (Fig. 1A). Smaller fragments cloned into a plasmid vector and their restriction maps compared
with unique genomic sequences were cloned and used as probes to that of pSpo5. Three clones which extended farther 5* than pSpo5
on Southern blots of wild-type and heterozygous genomic DNA were sequenced. All three clones had overlapping sequences, with
(Fig. 1B). the fragment in pSpo16 extending the farthest 5*. This additional
Probes on both the 5* and the 3* sides of the insertion detected sequence information only extended the total wild-type cDNA se-
polymorphisms between wild-type and heterozygous samples. The quence by 49 bp, but did contain a potential initiator ATG in the
bands hybridizing to the 5* probe were of the size predicted from proper reading frame. This ATG was in the context of an ef®cient
mapping the cloned genomic fragments; however, there was a 1- translational initiation sequence (Kozak, 1989), including a G at
kb discrepancy in the sizes of the bands hybridizing to the 3* probe. position /1 and a purine at position 03 (Fig. 2). This cDNA repre-
By cloning appropriate fragments and sequencing, a 1-kb insertion sents a message transcribed from the cloned sec8 locus since frag-
was found immediately 3* to the pSAbgeo sequences. This frag- ments from pSpo5 hybridize to genomic fragments on either side
ment is a truncated L1Md repetitive element that presumably inte- of the transgene insertion in lG4.4 (indicated by the approximate
grated at the same time as pSAbgeo (data not shown). Of 230 bp positions of exons in Fig. 1A). The sequence of Sec8 is available
of sequence obtained in one stretch, all but 1 base were identical from GenBank/EMBL under Accession No. AF022962.
to the 3* region of an L1Md element labeled A13 (Shehee et al.,
1987). As has been documented, L1Md elements are most com-
monly found truncated at a distance from their 3* ends (Voliva et Computer Analyses
al., 1983). This repetitive element, thought to move about the ge-
nome like a retrotransposon, may have been integrated with foreign The Sec8 amino acid and nucleotide sequences were compared to
all sequences in the currently available databases using the BLASTDNA. Other than this insertion, there are no other gross rearrange-
ments concomitant with the integration event. All restriction map- software (Altschul et al., 1990) of the National Center for Biotech-
nology Information at the National Library of Medicine. The de-ping, Southern blots, and cloning of fragments for RFLP probes
were done using standard procedures. fault parameters for the program were used. The BESTFIT program,
part of the GCG set (Genetics Computer Group, 1994), was used
to create an alignment and calculate the similarity scores between
the Sec8 and the Sec8p protein sequences. The default parametersCloning the Fusion and Wild-Type sec8 cDNA
were used for this program, with the exception of relaxing the gap
The sec8/bgeo fusion mRNA sequences were isolated from a weight score from 3.0 to 1.5. This alignment gave a quality score
bgeo-primed cDNA library. This library was constructed with of 461.5 between proteins which are similar in size (971 aa Sec8
poly(A)/ RNA isolated from SAbgeo4 ES cells grown for three pas- protein and 1065 aa Sec8p). After randomization of the sec8 se-
sages in the absence of SNL 76/7 feeder cells. The primer used was quence and alignment to Sec8p, the score is reduced to 394.5 with
complementary to lacZ (5*-ATGCGCTCAGGTCAAATTCAGA- a standard deviation of 3.9 over 10 repetitions of randomization
CGG-3* ), and a kit (Pharmacia U-Prime) was used to construct and alignment. The resulting z score, 17.2, indicates that the align-
double-stranded cDNA that was ligated into the EcoRI site of ment is signi®cant (Lipman and Pearson, 1985).
Lambda ZapII (Stratagene). After in vitro packaging, 150,000
plaques were plated and screened by hybridization to a lacZ probe
(a fragment from the ®rst BglI site to the ClaI site). Five positive Genotyping
plaques were isolated from which the cDNA fragments were cloned
into pBluescript KS(0) by phagemid rescue (pSA4-1, 2, 3, 4, and 6). The sec8 locus genotypes were determined in one of three ways.
For the initial characterization of the weanlings from intercrosses,Restriction sites were mapped and the fragments were sequenced
using standard procedures. Southern blots of tail DNAs were probed with neo sequences and
genotypes determined by the resulting band intensity (FriedrichA 475-bp fragment from between EcoRI sites at positions 758
and 1233 of SA4-4 was used as a probe to isolate the wild-type sec8 and Soriano, 1993). After the locus was cloned, restriction fragment
length polymorphism (RFLP) probes were used. One such probe ismessage. Eleven positive clones were found in a cDNA library made
from poly(dT)-primed synthesis of mRNA isolated from CCE ES shown in Fig. 1B; a 500-bp fragment from the 5* side of the insertion
identi®es a 4.0-kb XbaI band corresponding to the wild-type allelecells, derived from 129Sv mice (graciously supplied by Elizabeth
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FIG. 1. Molecular analysis of the spock allele of the sec8 locus. (A) Schematics of the sec8 mutant and wild-type loci are presented with
the l phage fragments used (lG4.1, 2 and 4) and the maps of two restriction enzymes, XbaI (X) and EcoRV (E). The restriction sites
indicated with brackets are provided by the gene trap vector and so are not found in the wild-type locus. The gene trap vector is shaded
in gray and the L1Md element is shown in black. The approximate positions and sizes of exons are shown below the genomic map. The
question mark following the wild-type cDNA indicates that it is not known whether there is one or more exons encompassing the 400
bp of cDNA sequence following the site of the insertion. The positions of two single-copy RFLP probes are shown (EB.5 and PX.6) and
the oligonucleotides used for genotyping are indicated by 1±3. (B) This Southern blot results from probing DNA from wild-type C57Bl/
6J mice (1), wild-type 129Sv mice (2), and heterozygous SAbgeo4 ES cells (3) with the probes indicated in A. The resulting fragment sizes
are indicated: wild-type fragments with a ®lled arrowhead and mutant fragments with a hollow arrowhead. The mutant fragment sizes
account for insertion of both the gene trap construct and the L1Md element and can be checked against the map provided in A. The wild-
type band in heterozygous DNA is slightly more intense due to the presence of feeder cells. (C) The genotypes of a litter of E8.5 embryos
from an intercross are presented as an ethidium bromide-stained agarose gel. The DNA fragments in the gel correspond to ampli®cation
products between primers 1 and 3 from the wild-type allele (325 bp) and between primers 1 and 2 from the mutant allele (530 bp).
Abbreviations: hm, homozygous; ht, heterozygous; wt, wild type, and 0, negative control.
and a 7.7-kb band corresponding to the sec8 allele. A set of PCR follows: 40 repetitions of 30 s at 937C, 30 s at 557C, and 1 min at
657C, all following a denaturation step of 937C for 3 min.primers was designed to determine the sec8 genotype. Two primers,
speci®c for sec8 genomic sequences on either side of the insertion
(SpoH, 5*-GCCAGAAAACCTGCTGTGACCT-3* and SpoI 5*-
AGGCTACTTCTTTTGTTCCACT-3* ), prime the ampli®cation of Embryo Dissections, Histology, and Whole-Mount
a 325-bp band from the wild-type allele (Fig. 1C). A pSAbgeo-spe- in Situ Procedures
ci®c primer (No. 2629, 5*-CCGTGCATCTGCCAGTTTGAGG-
GGA-3* ) included in the same reaction primes the ampli®cation Embryos were dissected in Hanks' balanced salt solution with
5% calf serum. Embryos from E8.5 and later were ®xed and storedof a 530-bp band from the sec8 allele, between itself and SpoH (Fig.
1C). This and all subsequent PCRs were in 67 mM Tris±HCl, pH in Mirsky's ®xative (National Diagnostics, Atlanta, GA) after the
yolk sac was removed for genotyping. Embryos at E6.5 and E7.58.8, 16.6 mM ammonium sulfate, 6.7 mM magnesium chloride, 5
mM b-mercaptoethanol, 0.01% gelatin, 10% dimethylsulfoxide, 1 were kept in their decidua, ®xed with Bouin's, dehydrated with
ethanol, cleared with HistoClear, and embedded in paraplast.mM dNTPs, 3 pmol of each oligonucleotide, and 0.5 units of Taq
DNA polymerase. Temperatures for the reaction were cycled as Transverse sections were cut 7 mm thick on a Reichert 2030 micro-
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FIG. 2. Nucleotide sequence of the wild-type sec8 cDNA. The translation of the 971-amino-acid open reading frame is shown below the
nucleotide sequence. The site of insertion of the gene trap in the mutant allele is shown by an arrowhead (.) and the likely polyadenylation
signal is underlined.
tome and stained with hematoxylin and eosin. Photographs of the Reverse Transcription-Polymerase Chain Reaction
histological sections were taken on a Zeiss Axioplan compound (RT-PCR) Expression Assays
microscope ®tted with a 1±41 zoom Optivar and a didymium ®lter.
Whole-mount in situ hybridization and immunohistochemistry Total or polyadenylated RNA preparations were assayed. Wild-
type embryos from various time points (Fig. 6A) were dissectedwere carried out according to standard procedures (Hogan et al.,
1994). In situ hybridization probes were produced as follows: for away from maternal tissues and an entire litter was pooled. From
this pooled litter, total RNA was isolated using a standard guanid-detection of sec8, a cDNA fragment from the PstI site at 1209 to
the EcoRV site at 1962; for Sonic hedgehog (Shh), a 2.7-kb rat cDNA ium±isothyocyanate protocol. Individual embryos were processed
using a lysate mRNA capture kit for RT-PCR (US75550; United(provided by Henk Roelink); for brachyury, a 300-bp fragment of
the 3* UTR (provided by Jill McMahon); and for mNotch1, an 8-kb States Biochemical/Amersham Life Sciences). This kit allows
small-scale capture of polyadenylated RNAs on a poly(T)-boundcDNA (provided by Laurie Milner). For immunohistochemistry,
rabbit polyclonal sera speci®c for Mox1 (a gift of Arthur Candia membrane according to their procedures.
One microgram of total RNA or the processed membrane isand Chris Wright) and rSec8 (a gift of Chris Hazuka and Richard
Scheller) were diluted 1:200. added directly to the reverse transcription reaction (50 mM Tris±
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TABLE 1HCl, pH 8.3; 75 mM KCl; 3 mM MgCl2; 0.5 mM DTT; 0.5 mg
random pdN6; 1 mM dNTP; 40 U RNasin [Promega], and 100 U Results of sec8 Intercrosses
SuperScript II RNase H0 Moloney reverse transcriptase [Gibco
BRL]). RT-negative controls did not include enzyme. Two microli- Age Wild-type Heterozygous Homozygous
ters of single-stranded product were used directly in the PCR. Con-
Weanlings 41 66 0 (0%)trols for the PCR include either no DNA added or the addition of
E10.5 9 10 5a (21%)5 pg of plasmid containing the entire sec8 cDNA.
E8.5 25 47 27 (25%)The expected fragment sizes and oligos for sec8 and Mox1 mes-
E7.5 26 41 21 (24%)sages are as follows: (1) the wild-type sec8 message, 531-bp fragment
(oligos SpoK, 5*-CATGCACGAAAGGCTGGAATG-3* and SpoL,
Age sec85*-TCCCGTGACATGGTGATGTTGG-3* ); (2) the mutant SA4 al-
lele of sec8, 238-bp fragment (oligos SpoK and SA-R, 5*-GCGAAG- (sections) Normal phenotype N/Db
AGTTTGTCCTCAAC-3 *); and (3) the Mox1-speci®c message, 368-
E7.5 25 11 (25%) 8bp fragment (oligos Mox1, 5*-TACCCCGACTTCTCTGCTTC-3*
E6.5 25 0 0and Mox2, 5*-TTGGTGAAGGCTGTCCTCTC-3* ). The Mox1
oligos are from positions 473 and 821 of the published sequence Note. Genotypes were determined by Southern blot RFLP analy-
(Candia et al., 1992). All oligo pairs are separated by introns in the sis (Fig. 1B) or by a PCR assay (Fig. 1C). DNA used for genotyping
genomic sequence to eliminate the possibility of contaminating was obtained from tail biopsies (weanlings), yolk sacs (E10.5 and
genomic DNA giving false-positive results. The ampli®cation prod- E8.5), or the entire embryo (E7.5). Embryos sectioned for histology
uct from the Mox1 PCR was blotted to a membrane and probed at E7.5 were not genotypedÐsee text for details.
with a radioactive oligo (Mox3, 5*-TTGCATGGTACTTGGGAC- a Only two of these embryos were genotyped; the remaining three
3* ). This oligo detects Mox1 sequences at position 697 of the pub- were resorbing and presumed to be mutant.
lished sequence and increases the sensitivity of the assay. For quan- b N/D, not determined: six embryos were lost during processing
titative RT-PCR, oligonucleotides speci®c for the S16 ribosomal or sectioning and two were abnormal but unlike sec8 embryos.
protein gene (5*-AGGAGCGATTTGCTGGTGTGGA-3* and 5*-
CTACCAGGGCCTTTGAGATGGA-3* ) were used in combina-
tion with SpoK and SpoL to amplify a 102-bp fragment. PCR condi-
tions were as described above for 25 cycles.
The Predicted Protein Product of the spock Gene Is
Similar to the Rat and Saccharomyces cerevisiae
Sec8 ProteinsRESULTS
The cDNA sequence and conceptual translation are
Cloning of the Mutated Gene in spock Mice. shown in Fig. 2. The 971-amino-acid protein is leucine-rich
(12%), is hydrophilic, and has no signal sequences. ThereThe derivation of spock mice from the SAbgeo4 gene trap
are regions of a-helices, but none that indicate a transmem-ES cell line has been described previously (Friedrich and
brane structure. Using the basic local alignment toolSoriano, 1991). Heterozygous animals were indistinguish-
(BLAST; Altschul et al., 1990), the entire length of the se-able from wild-type animals. Offspring from crosses be-
quence was compared to the database of protein sequences.tween heterozygous animals were genotyped by determin-
The protein can be aligned for 929 of 948 amino acids withing the intensity of a gene trap-speci®c band on Southern
the rat gene rsec8 (Ting et al., 1995). A human brain cDNAblots of DNAs isolated from tail biopsies (Friedrich and
sequence (EST05115) that is 89% identical to the sec8Soriano, 1993). No animals homozygous for the sec8 allele
cDNA sequence over its entire 200-bp length (Adams et al.,were ever recovered at the time of weaning, indicating that
1993) was also identi®ed in the BLAST search. Both thethe gene trap insertion leads to a recessive lethal mutation
spock protein and rSec8 are similar to Sec8p from Saccharo-(Table 1).
myces cerevisiae, and the mouse gene is henceforth referredTo further characterize the mutation, the trapped gene
to as sec8. The entire amino acid sequences of Sec8 andand locus were cloned. The gene trap design predicts that
Sec8p were aligned using the BESTFIT program in the GCGexpression of bgeo is dependent on insertion of the gene
program package (Genetics Computer Group, 1994). Usingtrap vector into an actively transcribed locus with splicing
this analysis, Sec8 is 24.3% identical and 52.4% similar tofrom upstream exons. Cloning the chimeric message as a
Sec8p at the amino acid level.cDNA therefore should provide exon sequences which can
be used as a probe to clone the wild-type message. This
strategy revealed that the SAbgeo gene trap vector had in- Homozygous sec8 Embryos Fail to Complete
serted in an intron toward the 3* end of a gene with a 971- Gastrulation
amino-acid open reading frame (Figs. 1 and 2). The genomic
locus was cloned from spock heterozygous DNA. Except for Homozygous sec8 embryos were examined in a congenic
129Sv background at different stages of gestation to deter-a 1-kb insertion immediately 3* to the SAbgeo reporter due
to the insertion of a truncated L1Md repetitive element, mine the time and cause of lethality. Litters from inter-
crosses were dissected from the uterus and, depending onthere are no other gross rearrangements concomitant with
the integration event (Fig. 1A). Animals can be genotyped their age, genotyped either by RFLP or PCR. At E10.5, ®ve
resorbing embryos were found in smaller than normal de-by RFLP analysis (Fig. 1B) or by a PCR assay (Fig. 1C).
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cidua from three litters (Table 1). It was only possible to vacuolated (open dots in Figs. 3E and 3K). Reichert's mem-
brane was visible in association with parietal endodermobtain material that was unambiguously embryonic from
cells. Cells of the epiblast were normal, and some weretwo of these embryos, both of which were homozygous by
entering mitosis (asterisks in Figs. 3C and 3H), indicatingRFLP analysis (not shown). The remaining three resorbing
that the embryo is alive and its cells are proliferating. How-embryos were presumed to be homozygous and the normal
ever, there was no morphological evidence for mesodermalembryos were either wild-type or heterozygous. Embryos in
cells. Embryos at this stage of development should have athis advanced state of resorption indicated that homozygous
well-formed mesoderm layer (particularly paraxial and lat-embryos would be dying several days before E10.5.
eral mesoderm) which would be obvious in transverse sec-Fourteen litters were sacri®ced at E8.5 (Table 1). The yolk
tions as it would delaminate from between the epiblast cellsac was dissected away from the embryo and used as a
layer and the overlying visceral endoderm (Fig. 3H). Also,source of DNA for PCR genotyping and the embryo proper
no thickening was seen in the epiblast where the futurewas ®xed. About 14 of the embryos were too small for this
posterior amniotic fold would likely form.procedure (approximately 15 the size of normal littermates),
The mutant embryos described above were not genotypedso the entire embryo was used as a source of DNA. All of
due to the impracticality of obtaining embryonic tissuethese small embryos were homozygous; they did not have
from sectioned decidua. Nevertheless, the frequency (25%),a clear morphologically de®ned anterior±posterior axis and
consistent phenotype, and size compared to the genotypedhad no structures indicative of development up to this time
whole-mount E7.5 embryos provide strong evidence thatof gestation (see Fig. 5C). Their size and appearance sug-
these 11 embryos are homozygous for the sec8 allele. Homo-gested an earlier defect.
zygous embryos were recovered at E6.5 in normal numbers,Embryos at E7.5 were examined either in whole mount
but did not exhibit an overt phenotype (data not shown).before genotyping or by histological analysis. Embryos for
whole mounts were dissected from the decidua, a photo-
graph was taken, and the embryo was used for PCR genotyp- sec8 Is Broadly Expressed in the Developing
ing. Of 88 embryos from 11 litters examined at E7.5, 21 Embryo
were homozygous (Table 1). All homozygotes had a similar
The SAbgeo4 allele is an insertion of a bgeo coding exonand consistent phenotype (Fig. 3M). Mutant embryos were
into the sec8 locus (Friedrich and Soriano, 1991). The tissuesabout half the size of normal littermates, despite some het-
in which this protein is expressed within the embryo canerogeneity in sizes found among embryos of normal litters.
be determined by staining with X-gal. At about E12.5 theIn normal embryos the amniotic cavity is obvious and usu-
expression of SAbgeo4 is found in the front part of the telen-ally there is a sharp demarcation of tissue types at the poste-
cephalon in a pair of bilateral stripes (Friedrich and Soriano,
rior end of the primitive streak. These features were not
1991). However, no b-galactosidase expression could be de-
observed in homozygous embryos either because they lack tected at earlier stages, including in the trapped ES cells.
a primitive streak or because their size precludes observing This might be due to a higher sensitivity of the neomycin
these features with a stereomicroscope. phosphotransferase activity than that of b-galactosidase
To better assess the abnormalities in mutant embryos at (Friedrich and Soriano, 1991; and data not shown).
this stage of development, other E7.5 litters from inter- To assess wild-type sec8 expression around the time that
crosses were prepared for histology. The embryos were ®xed homozygous mutant embryos die, sec8 message was local-
and embedded while still in the decidua to help determine ized by in situ hybridization and immunohistochemistry,
the orientation for sections and for ease of handling. Forty- as well as by RT-PCR (reverse transcription, polymerase
four embryos from six matings were sectioned transversely chain reaction; Fig. 4). At E7.5 and E8.5, the sec8 transcript
from the ectoplacental cone (EPC) to the distal embryonic is found distributed at a qualitatively low level throughout
pole (Table 1 and Figs. 3A±3L). Twenty-®ve embryos were the embryo (Figs. 4A and 4B). A similar distribution of Sec8
normal, having undergone differentiation expected for em- protein was detected using a polyclonal antibody raised
bryos at this time, such as primitive streak development, against the rat protein (Fig. 4C; Ting et al., 1995). Using
formation of the allantois, closure of the proamniotic cav- an RT-PCR assay, expression of sec8-speci®c message was
ity, and anterior extension of the mesoderm (Theiler's stage detected in embryos at E6.5, E7.5, E8.5, E9.5, E10.5, and
10±11, or mid- to late-primitive streak stage). Eleven em- E13.5 (Fig. 4D). No difference in the level of message was
bryos were abnormal. The size of these embryos, as mea- detected between embryonic and extraembryonic portions
sured by the number of 7-mm sections required to get from of the embryo at E7.5 (Fig. 4E).
the EPC to the distal embryonic pole, was about half that of
normal embryos. The cells of the epiblast and surrounding
sec8 Mutant Embryos Are De®cient in theendoderm appeared normal, as did the cells of the EPC and
Formation of Paraxial Mesodermthe giant cells (Figs. 3A±3F). The mutant embryos appeared
like normal advanced egg cylinders, or at Theiler's stage 9. The major morphological defect observed in sec8-null
The embryonic endoderm was distinct from extraembry- embryos by histological analysis is a de®ciency in meso-
onic endoderm, the former squamous in appearance (®lled derm. To verify this observation, we performed additional
analysis on sec8-mutant embryos using marker genes ex-dots in Figs. 3B and 3H) and the latter more cuboidal and
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FIG. 4. Distribution of sec8 message and protein in whole embryos. The location and intensity of in situ staining (blue/brown color)
reveals the presence of sec8 message in wild-type embryos at E7.5 (A) and E8.5 (B). The level of message appears to be low as color
reactions were allowed to proceed overnight. Embryos marked ``expt'' were probed with labeled sequences complementary to the sense
strand of the sec8 cDNA, whereas the ``control'' embryos were probed with the opposite strand. E7.5 embryos are approximately 0.8 mm
long, and E8.5 embryos are approximately 3.0 mm from anterior to posterior. (C) Whole-mount immunohistochemistry on E8.5 embryos
using a polyclonal antibody raised against the rSec8 protein (expt) (ventral view) or no primary antibody (control) (dorsal view). The
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pressed in axial or paraxial mesoderm. A delay in mesoderm Taken together, this marker analysis indicates that while
sec8 mutant embryos can initiate gastrulation and establishformation and neural induction was observed by assaying
the expression of Shh, which is normally expressed at E7.5 the basic A±P axis, as judged by the presence of axial meso-
derm markers, there is a signi®cant delay (roughly 24 h) inin the head process and at later stages in the notochord,
node, and the ¯oor plate (Echelard et al., 1993). In wild-type the time at which this occurs. However, gastrulation ap-
pears to arrest at this point, as sec8 mutant embryos areE8.25 embryos, Shh is readily detected in the node and the
notochordal plate that extends anteriorly from the node (Fig. de®cient in the formation of paraxial mesoderm.
5A). In contrast, in E8.25 sec8 mutant embryos, Shh expres-
sion can be detected only in the head process (Fig. 5A). At
E6.5, brachyury is expressed in the premesoderm cells of DISCUSSION
the primitive ectoderm in a position that marks the future
posteriormost position of the primitive streak (Kispert and The Homozygous Lethal Phenotype of sec8
Herrmann, 1994). By E7.5, the expression domain of Embryos
brachyury has extended to the entire length of the primitive
streak of wild-type embryos (Fig. 5B). In contrast, in E7.5 The primary defects in sec8 embryos are a delay in the
onset of gastrulation, the inability to complete gastrulation,sec8 mutant embryos brachyury expression is con®ned to
the posteriormost portion of the primitive streak or the and a de®ciency in the formation of paraxial mesoderm.
This phenotype was veri®ed by histology and by the absenceprimitive ectoderm and is reminiscent of E6.5 wild-type
embryos (Fig. 5B). However, by E8.5 brachyury expression of expression of mNotch1 and Mox1. However, mutant em-
bryos appear to initiate gastrulation normally, albeit de-in sec8 mutants has extended almost the entire length of
the primitive streak and is also expressed in the presump- layed, as judged by the expression of brachyury and Sonic
hedgehog. No overt defect could be detected in mutant em-tive node (n in Fig. 5C). These results indicate that in sec8
mutant embryos the temporal expression of brachyury is bryos at E6.5; however, by E7.5 sec8 embryos are about
half the size of normal littermates and appear super®ciallydelayed by approximately 24 h while the expression do-
mains of brachyury are maintained in the correct locations. similar to pregastrulation egg cylinders. In these mutant
embryos, ectoderm and visceral endoderm surround the pro-To further document mesoderm defects, mutant embryos
were probed using whole-mount in situ hybridization for amniotic cavity. The parietal endoderm secretes Reichert's
membrane and the ectoplacental cone is vascularized andthe expression of mNotch 1 and immunohistochemistry for
Mox-1. Notch-1 is expressed in the posterior mesoderm and has invaded the maternal decidua. Mitotic ®gures can be
seen in the epiblast and there is no evidence for pyknosisthe primitive streak, and later is highly expressed in pre-
somitic paraxial mesoderm (Reaume et al., 1992). No ex- or maternal rejection. However, by E8.5, the mutant em-
bryos are severely reduced in size and are beginning to bepression could be detected in mutant embryos (Fig. 5D).
Similar results were observed for the expression of Mox1, a resorbed by maternal tissue.
The mutant phenotype is associated with homozygosityhomeobox gene expressed in paraxial mesoderm (Fig. 5E;
Candia et al., 1992). To further verify this result, an RT- of the sec8 gene trap insertion. The heterozygous parents
used in intercrosses to gather embryos were progeny of atPCR assay was performed using polyadenylated RNA from
individual E7.5 embryos (Fig. 5F). Mox1 expression was not least four generations of breeding, so the phenotype is
linked to the insertion and is unlikely to be due to an unre-detected in any homozygous mutant embryos (Fig. 5F).
reaction was stopped after an hour. (D) Total RNA from normal embryos at various times between E6.5 and E13.5 was assayed for sec8
expression by RT-PCR. sec8 is transcribed at all time points examined. PCR control lanes are (0) negative control, no DNA added and
(/) positive control, 5 pg of pSpo5 plasmid. RT controls are (0) no enzyme added to the RT reaction and (/) RT-PCR of RNA from wild-
type ES cells. (E) E7.5 RNAs from the whole embryo, or from the embryonic (embr.) or extraembryonic (extr.emb.) portion of the embryo,
was assayed by quantitative RT-PCR for the presence of sec8 message (top band) or S16 message (bottom band). (0), no RT enzyme added
to the reaction.
FIG. 5. Expression of Sonic hedgehog, brachyury, mNotch-1, and Mox1 in normal and mutant embryos. Expression of Shh (A), brachyury
(B, C), mNotch-1 (D), and Mox1 (E) was assayed by in situ hybridization (brachyury, Shh, mNotch-1) or immunohistochemistry (Mox1)
of E7.5 (B) or E8.25 (A,C,D, and E) embryos from sec8 intercrosses. ///, wild type; 0/0, mutant. (A) Expression of Shh is seen in the
head process (hp) of the 0/0 embryo (lateral view). (B) brachyury expression in /// embryos is detected strongly throughout the primitive
streak, but only weakly at the posterior end of the primitive streak in 0/0 embryos (lateral view). (C) brachyury expression is detected
in the node (n) and primitive streak in both /// (dorsal view) and 0/0 (lateral view) embryos. (D) In wild-type embryos, mNotch-1 is
detected in the mesoderm on both sides of the midline approximately at the level of the node (ventral view), but is not detected in sec8
mutants (lateral view). (E) No expression of Mox1 is detected in the 0/0 embryo while it is readily detected in the somites of wild-type
embryos (lateral view). (F) Individual embryos from a sec8 intercross were genotyped and assayed by RT-PCR for Mox1, which is only
expressed in mesoderm at E7.5. Embryos 2 and 5 were mutant (top) and did not express Mox1 (bottom). Control lanes are (0), no enzyme
added to the RT reaction and (/), RNA from wild-type E7.5 embryos. Wild-type sec8 message results in a 531-bp product (®lled arrowhead)
and mutant SA4 sec8 message in a 238-bp fragment (open arrowhead).
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lated mutation. The data presented here do not address de- other gene, Hb58, encodes a protein homologous to the
yeast secretory protein PEP8 (Bachhawat et al., 1994) and®nitively whether the insertion causes a null allele, as it
creates a large fusion between 909 amino acids of Sec8 and is also required for gastrulation in the mouse (Lee et al.,
1992).all of bgeo. However, no phenotype was observed in hetero-
zygotes, suggesting that this fusion protein does not have a Exocytosis in yeast is constitutive. Sec8p functions in a
pathway that is therefore required for cell viability and thatdominant effect.
The phenotype of sec8 embryos is intermediate in timing lacks speci®city. If Sec8 is involved in exocytosis by acting
as a targeting protein at the plasma membrane, it couldcompared to other gastrulation-defective mutations de-
scribed recently. For example, sec8 embryos appear to de- either be involved in the exocytosis of speci®c proteins or
participate in the secretion of many different proteins. Invelop further than embryos mutant for bmpr1 (Mishina et
al., 1995), brca1 (Hakem et al., 1996), or a mouse homologue support of the ®rst possibility, there are many morphologi-
cal events that require secretion before E6.5, such as secre-of the yeast RNA1 gene (DeGregori et al., 1994), all of which
fail to initiate gastrulation, but less than embryos mutant tion of Reichert's membrane and formation of the proamni-
otic cavity. All of these are normal in sec8 embryos. How-for fgfr1 (Deng et al., 1994; Yamaguchi et al., 1994) and hnf-
3b (Ang and Rossant, 1994), which die during gastrulation, ever, it is possible that maternal Sec8 message persists for
some time, resulting in the rescue of an earlier lethality. Itbut form paraxial mesoderm. sec8 mutant embryos appear
more similar to embryos mutant for either nodal or hnf-4. is also possible that secretion pathways may be redundant
in some cell types and not in others, resulting in an apparentnodal encodes a TGF-b-like molecule that is believed to
direct proper migration of mesodermal progenitor cells cell-type-speci®c phenotype. The alternative possibility is
that Sec8 has a more general ``housekeeping'' role. If this is(Conlon et al., 1991, 1994; Zhou et al., 1993). Embryos mu-
tant for nodal lack a coherent primitive streak and have a the case, the death of homozygous embryos may be simply
due to general cell stasis. By E7.5 the toxic effects of losingdisorganized extraembryonic ectoderm, but persist to E8.5
before dying (Conlon et al., 1994). Super®cially, the nodal a general housekeeping function cause the embryo to arrest
and to be quickly resorbed. Alternatively, cell division mayembryos lack mesoderm; however, in a low but signi®cant
percentage of mutants, mesodermal markers are expressed. be prolonged in the absence of proper secretion, slowing
development of affected embryos such that by E8.5 the re-hnf-4 encodes a transcription factor of the steroid hormone
receptor superfamily that is expressed in the visceral endo- tarded embryos are detected and resorbed. The Sec8 protein
may therefore provide a useful handle into the cell biologyderm of the early embryo (Chen et al., 1994a). Like sec8
mutants, hnf-4-de®cient embryos show a 24-h delay in the and biochemistry of mammalian secretion.
formation of the primitive streak and the node, as deter-
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